INTRODUCTION
For decades, the genetic structure of marine organisms has been thought to be homogeneous due to their extended egg/larval dispersal capabilities, active migration of adults, and the lack of obvious barriers to gene flow in the marine environment. Yet this view has been challenged now that complex genetic structure has been described for several marine species. Indeed, oceanic features have promoted genetic differentiation among populations on large or small geographical scales (Pérrin, Wing & Roy, 2004; Shaw, Arkhipin & Al-Khairulla, 2004 ). Eggs and/or larval dispersal can be restricted by physical barriers such as frontal systems (Shaw et al., 2004) , oceanic currents (Ruzzante, Taggart & Cook, 1998) , and estuarine circulation (Pérrin et al., 2004) . In addition, genetic differentiation among populations might be due to restricted gene flow of adults following isolation-by-distance, especially on large geographical scales. However, there is growing evidence that historical events such as the isolation of populations in glacial refugia might have also played a role in the origin of marine population structure (Gysels et al., 2004; Hoarau et al., 2007) . A key assumption is that present-day populations of a species inhabiting past refugium show a higher level of genetic diversity than those inhabiting formerly glaciated regions due to range expansion and genetic drift following deglaciation (Hewitt, 2000) .
The Atlantic cod (Gadus morhua L.) is one of the most valuable commercial species occurring on continental shelves and banks on both sides of the North Atlantic Ocean. Its distribution is mainly controlled by environmental parameters such as temperature and salinity (O'Brien et al., 2000) , although other factors such as interspecific competition might be important. Cod occurs over a wide range of temperatures (0-20°C) but has a preference for the temperature range 3-7°C and usually avoids temperatures lower than 2°C (D'Amours, 1993) . It is also tolerant to a wide range of salinity but shows an optimum around 30 ppt (Smith & Page, 1996) . Although tagging experiments tend to demonstrate that spawning site fidelity is stock dependent (Robichaud & Rose, 2004) , some studies have shown that cod do exhibit spawning site fidelity (Jónsson, 1996; Pampoulie et al., 2006; Wright et al., 2006) , potentially promoting genetic differentiation among spawning areas. Eggs and larvae are pelagic for several months and subjected to passive dispersal. In the North-east Atlantic, the most important oceanic currents potentially promoting or restricting dispersal are the North Atlantic current and the Norwegian Atlantic current (NwAC; Fig. 1 ) flowing from the British Isles to the North of Norway. Two branches flow into the North Sea: one south and one north of the coast of Shetland Islands. The former flows southward along the east coast of the British Isles whereas the latter flows off the coast of south Norway. Both currents flow eastward towards the Skagerrak (Turrell, 1992) . Atlantic waters also flow into the North Sea via the English Channel. Thus, if the genetic structure of cod in the North-east Atlantic is mainly due to passive dispersal of eggs and larvae, a genetic difference is expected between Icelandic and European populations due to the NwAC (Fig. 1) . Furthermore, a low genetic differentiation among European populations is expected due to the complex hydrography of the North Sea and British Isles, which should facilitate egg and larval dispersal. However, several oceanic features, such as the seasonal Flamborough front and cyclonic pattern of water circulation in the central and northern North Sea, have been suggested to prevent larval dispersal in the North Sea (Brown et al., 1999) .
Another major factor that may be responsible for genetic structure in cod is the past geological and climatological history of the North Atlantic Ocean. During the last glacial maximum (LGM; 15-25 Kya), in the late Weichselian period (Wisconsinian period), an ice sheet covered most of the North Atlantic from the Barents Sea, the Scandinavian peninsula to the British Isles Svendsen et al., 2004) . A numerical model shows a sea ice limit (isotherm of -2°C) located south of Iceland and west of the British Isles ( Fig. 1 ; . The Southern Bight of the North Sea was suggested to be dry during the LGM (van der Molen & de Swart, 2001 ) and a glacial lake potentially served as a refugium in the southern North Sea (Balson et al., 1991) . The ocean invaded the Southern Bight of the North Sea again through the Strait of Figure 1 . Location of cod samples (closed circles), main oceanic currents and -2°C isotherm ( sea ice limit) during the last glacial maximum 20 Kya (according to . NAC, North Atlantic current; NwAC, Norwegian Atlantic current; IC, Irminger current; EIC, East Icelandic current; EGC, East Greenland current; WGC, West Greenland current; LC, Labrador current. For sample codes, see Table 1. Dover when the sea level rose following deglaciation (van der Molen & de Swart, 2001 ). The contemporary oceanic connection between the southern North Sea and the English Channel appeared approximately 7.5 Kya. Additional refugia have been suggested at the boundaries of the ice sheets in the Baltic region during LGM (Koljonen et al., 1999; Verspoor et al., 1999) . Although the Baltic Sea formed millions of years ago, the present-day connection to the North Sea was established when the salty Lake Ancylus formed 8-9 Kya became a sea again. Although Ruzzante et al. (1996) suggested that cod may have been subjected to local adaptations to temperatures below 0°C, resulting in genetic differentiation among inshore and offshore cod populations, Atlantic cod that existed in the North Atlantic prior to the LGM probably had to migrate southward to avoid temperature below 3°C (lowest preference; D'Amours, 1993) . This migration could have lead the cod into one of several refugia within the Atlantic Ocean and later to other refugia, such as the North Sea glacial lake and the Ancylus Lake (8-9 Kya). When the ice retreated, cod populations probably recolonized the newly opened environment such as the northern part of Europe (North Sea and Irish Sea), the Icelandic waters and the Baltic Sea. Based on the different reconstruction models of the LGM Svendsen et al., 2004) , Atlantic cod should exhibit high genetic diversity in regions close to potential refugia (Icelandic, Celtic and North Sea waters) and low genetic diversity in more distant areas.
Regarding the potential history of North Atlantic cod (i.e. potential postglacial expansion) or the effect of oceanographic currents, the genetic structure of cod has received little attention on a macro-geographical scale. On such a large scale, oceanic features as well as the geology and climatology of the North Atlantic could have influenced the genetic structure of the species. In the present study, we aimed to assess the present-day genetic differentiation of North Atlantic cod on a large geographical scale using eight microsatellite and the Pan I locus. We hypothesized that the Atlantic cod is genetically structured in the North Atlantic and that: (1) the geographical distances and oceanic currents are barriers to contemporary gene flow and (2) historical events such as the isolation of cod populations in glacial refugia and postglacial expansion might be the source of the contemporary genetic differentiation.
MATERIAL AND METHODS
A total of 954 mature cod was collected from nine different spawning grounds within the North Atlantic: the Baltic Sea, the North Sea, the Celtic Sea, the Irish Sea, and Icelandic waters ( Fig. 1 Gill filaments or fin clips were preserved in 96% alcohol. Samples were genotyped at eight microsatellite loci, namely Gmo2 (Brooker et al., 1994) , Gmo8, Gmo19, Gmo34 (Miller, Le & Beacham, 2000) , Tch5, Tch11, Tch14 and Tch22 (O'Reilly et al., 2000) , and at the Pan I locus (initially known as cDNA clone GM798; Pogson, Mesa & Boutilier, 1995) . DNA extraction, polymerase chain reaction and genotyping were performed as described previously (Pampoulie et al., 2006) . For both type of genetic markers, the allele frequencies, total number of alleles (NA), mean number of alleles (A), observed (Ho), unbiased expected heterozygosity (He), and tests for HWE were calculated in GENEPOP, version 3.1 (Raymond & Rousset, 1995) . For the microsatellite loci, the allelic richness (AR) was computed in FSTAT, version 1.2 (Goudet, 1995) based on the smallest sample size.
GENETIC DIFFERENTIATION
Wright's single-locus F-statistics (Wright, 1969) were calculated from allele frequencies at all loci examined for each population according to the method of Weir & Cockerham (1984) using GENEPOP. Significance of pairwise and multilocus FST values was assessed in GENEPOP (5000 replicates). Levels of significance were adjusted with a sequential Bonferroni test (Rice, 1989) . A multidimensional scaling analysis (MDS) was conducted on FST values using STATISTICA, version 6.0 (Statsoft Inc., 2001) for both types of markers.
GENE FLOW AND POTENTIAL

GENETIC DISCONTINUITIES
To assess whether geographical distances had an effect on the observed genetic differences, genetic (log[FST/(1 -FST)]) versus geographical distances were plotted for each pairwise microsatellite sample comparisons. Significance was assessed using a Mantel test (5000 permutations) in GENETIX, version 4.03 (Belkhir et al., 1999) . Potential genetic discontinuities were investigated using the microsatellite data in BARRIER, version 2.2 (Manni, Guérard & Heyer, 2004) . Geographical coordinates for each sampling location were connected by Delaunay triangulation associated with genetic distances (F ST). The algorithm sets the edge with the largest distance in the triangulation network as the starting edge and extends barriers across the adjacent edge associated with the largest genetic distance. Additional sections are added to the barrier until it reaches the outer edge of the network or meets another barrier (Manni et al., 2004) . The analysis was conducted as described by Pampoulie et al. (2006) . The impact of the detected barriers on the genetic structure was tested using a hierarchical analysis of molecular variance (AMOVA; ARLEQUIN, version 2.0; Schneider, Roessli & Excoffier, 2000) . Testing was carried out among post-hoc defined regions isolated by BARRIER analysis for both types of genetic markers. Gene flow among populations was estimated using MIGRATE, version 2.1 (Beerli & Felsenstein, 2001 ), which calculates maximum likelihood estimates for migration rates and effective population sizes (N e). The program allows for asymmetric migration rates and different subpopulation sizes. Parameter values were ten short chains with 500 steps and 10 000 sampled genealogies, and three long chains with 5000 steps and 100 000 sampled genealogies. The number of immigrants per generation (Nm) was calculated as qM/4 where M is the ratio of the immigration (m) and the mutation rate (m), and ( .
HISTORICAL ORIGIN AND TIME OF DIVERGENCE
Potential historical signatures in the genetic data were assessed by permutating allele sizes at each microsatellite locus among allelic states (2000 replicates) to simulate distribution of RST values (rRST) with 95% confidence intervals (CI) using SPAGEDI, version 1.1 (Hardy & Vekemans, 2002) . Differentiation is likely to originate from drift if RST ª q and if the observed RST do not exceed the 95% CI of rRST values. By contrast, mutation will be the origin of the differentiation if RST > q and if RST exceeds the 95% CI of rRST (Hardy et al., 2003) .
We predicted the multilocus FST under complete isolation (absence of gene flow) as a function of time (generations), the effective population size Ne, the number of subpopulation and the heterozygosity (Ho averaged across subpopulations) as described by Reusch, Wegner & Kalbe (2001) , using the sampling equation developed by Jin & Chakraborty (1995) . Ne was calculated under the Infinite Allele Model (IAM) according to the equation Ne = (Ho/1 -Ho)/4 m (Crow & Kimura, 1970) . Assuming a mutation rate m = 10 -5 , overall Ne was in the range 94 699-247 057. Time of divergence was then estimated by comparing the evolution of the predicted value of FST to 2tNe, where t is the number of generations (Reusch et al., 2001 ) (i.e. by assessing the value of t required to reach equilibrium FST in the absence of gene flow).
RESULTS
HWE AND POPULATION DIVERSITY
The eight microsatellite loci studied varied in allelic diversity (see Appendix, Table A1 ), ranging from ten alleles at locus Tch22 to 53 at locus Gmo8. Ho varied from 0.552 (Gmo34) to 0.901 (Tch14) whereas He varied from 0.583 (Gmo34) to 0.952 (Tch14). A ranged from 5.9 (Tch22) to 26.6 (Tch14). Although, levels of genetic diversity were similar within the range of the study area (see Appendix, Table A2), the Icelandic samples exhibited a slightly higher allelic richness (AR) and total number of alleles (NA) per locus than other samples. Genotype proportions were out of 318 C. PAMPOULIE ET AL. HWE in only three out of 112 exact tests after Bonferroni correction (less than by chance alone) and were not due to any specific loci or samples. Permutation tests for linkage disequilibrium yielded several significant values (0.01 < P < 0.05) involving different pairs of loci in different populations, thus suggesting that the results were not due to physical linkage of the loci, and allowing allelic variation at all loci to be treated as independent.
H o and He at the Pan I locus varied from 0.028 to 0.644 and from 0.027 to 0.496, respectively, for the samples where variability was detected (Iceland, Faroe Islands, Norway, and Canada). The Pan I locus was fixed for the allele A in all other collected samples. There was no evidence for departure from HWE for any of the samples in which variability was detected (see Appendix, Table A2 ).
GENETIC DIFFERENTIATION
The overall genetic estimates based on microsatellite loci revealed highly significant FST and nonsignificant FIS values of 0.013 and 0.008, respectively. This genetic pattern was reflected among pairwise comparisons of the values of FST because 73 of 91 comparisons were significant after Bonferroni correction (Table 2) . Temporal stability was observed in Iceland and Celtic Seas (Table 2) . No significant differentiation was observed among the Baltic Sea and among Faroe Islands samples. On the other hand, a significant differentiation was observed among the Irish Sea samples (F ST = 0.018; Table 2 ). Based on the pairwise FST values, the MDS analysis clustered samples in four groups, the Canadian, the Baltic Sea, the Irish sample collected in 2002 and the rest of the samples (Fig. 2 , stress value = 0.0980).
Variation at the Pan I locus showed highly significant FST and nonsignificant FIS values of 0.304 and -0.015, respectively. Out of 91 pairwise FST comparisons, 33 were significant after Bonferroni correction (Table 2) . Most significant comparisons were observed between either the Icelandic samples or the Canadian sample and all other samples. Comparisons between the Icelandic and the Canadian samples were not significant. Temporal stability was observed in all replicates. Using chi-square tests, genotype frequencies were significantly different among populations (c 2 = 9.60, d.f. = 2, P = 0.0019; Fig. 3 ). BB genotypes were present in Icelandic and Canadian samples but absent in the North-east Atlantic samples. Based on pairwise FST values, MDS clearly separated the Icelandic and Canadian samples from the other samples (data not shown, stress value = 0.0545).
GENE FLOW AND GENETIC DISCONTINUITIES
Analysis using the program MIGRATE suggested a high level of gene flow per generation across the Significance was assessed in GENEPOP using exact tests for FST (5000 permutations); Significant values after sequential Bonferroni correction are indicated (*P < 0.0001). For sample codes, see Table 1 .
North Atlantic (Fig. 4) . Most of the studied populations received more than eight immigrants per generation. The highest total number of emigrants and immigrants per generation was detected for Iceland (17 and 20, respectively) whereas the lowest was detected for the Faroe West population (8 and 13, respectively). Figure 4 also suggests that dispersal was asymmetrical between pairs of populations.
An overall significant positive correlation was found between geographical and microsatellite genetic distances (Fig. 5) . This result was confirmed by a Mantel test using F ST values (Z = 4274, R = 0.473, P = 0.0209 with the Canadian sample; Z = 5799, R = 0.391, P = 0.0405 without the Canadian sample). A significant negative correlation was found between longitude and A (R = 0.58, N = 14, P < 0.0283; Fig. 6 ) and AR Table 1 . (R = 0.62, N = 14, P = 0.0183; Fig. 6) . A relationship was also found between longitude and Ho (R = 0.62, N = 13, P = 0.0251, the Canadian sample not included) and He (R = 0.62, N = 13, P = 0.0240; Canadian sample not included). Several genetic discontinuities (barriers to gene flow) were identified using BARRIER. The first barrier supported by eight loci separated the Baltic Sea from all other samples (data not shown). The second barrier, also supported by eight loci, separated Ns-2, Nor, and the Baltic Sea from all other samples. The third barrier, supported by six loci, separated the Canadian sample from all other samples. Finally, the fourth barrier was supported by five loci, and separated the Celtic and Irish Sea samples from Iceland and Faroese samples. AMOVA among post-hoc defined regions using the structure obtained in the BARRIER analysis (for both types of genetic markers, see Table 3 ) confirmed that a small but significant portion of the variation was due to among groups component (Table 3) .
EFFECTIVE POPULATION SIZE, HISTORICAL ORIGIN, AND TIME OF DIVERGENCE
Assuming a mutation rate (m) of 10 -5 per locus per generation, Ne estimates using the program MIGRATE suggested the largest effective population size in Iceland (Ne = 21 647) and the lowest in the Faroe West population (Ne = 6661; Table 4 ).
The random permutation of different allele sizes among allelic states at each locus revealed that esti- mates of RST were significantly larger than the 95% CI range of the rRST values at two microsatellite loci (Gmo8 and Tch14; Table 5 ), suggesting a mutational component to genetic differentiation. A general trend could be observed at a total of five out of eight loci as RST were also larger than the rRST values at Gmo19, Gmo34, and Tch11, but not significantly. The overall RST was also significantly larger than the 95% CI range of the rRST values. A comparison of the expected FST as a function of generations (2tNe) shows that 3000 generations would be sufficient to reach the observed FST of 0.013. Based on a generation time of 4-7 years for Atlantic cod (Myers, Mertz & Fowlow, 1997) , this result suggests that the origin of the observed genetic differentiation could have been in the Late Weichselian during LGM (12-21 Kya).
DISCUSSION GENETIC DIFFERENTIATION
Most previously reported studies on the genetic structure of Atlantic cod based on microsatellite loci did not include Icelandic samples and were consequently confined to a relatively small geographical scales (Ruzzante et al., , 1997 Nielsen et al., 2003; Hardie, Gillett & Hutchings, 2006) compared with the present study (but see Bentzen et al., 1996; Hutchinson, Carvalho & Rogers, 2001; O'Leary et al., 2007) . During our study, temporal stability was found in Icelandic waters and the Celtic Sea, and nonsignificant differentiation was found among the Baltic Sea samples and among the Faroese samples. Current findings also show that genetic differences among Iceland, the Faroe Islands, the Celtic Sea, and the Baltic Sea persisted over time, which may indicate that the appropriate population structure has been elucidated for these locations (Waples, 1998) . However, the results obtained in the Irish Sea suggest that large movements of individuals might occur from year to year, or that the genetic structure of the population is more complex. In the North Sea, the samples collected were genetically different as expected according to Nielsen et al. (2003) and Hutchinson et al. (2001) , who, respectively, described a hybrid zone near the sample Ns-2 and several stocks among which gene flow seemed sufficiently limited to establish differentiation within the North Sea. The observed overall F ST (0.013) was similar or lower than the values obtained in the study of Bentzen et al. (1996) For sample codes, see Table 1 . (Hardy et al., 2003) qST 
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corroborate the findings of Hutchinson et al. (2001) , which suggested that, on a trans-oceanic scale, European cod is likely to be divergent to the Canadian cod because of geographical distances. Although the brackish waters of the Baltic Sea and the near oceanic salinities of the North Sea are in geographical proximity, the sharp salinity gradient across the Skagerrak may act as a barrier to gene flow. On the other hand, the temporal instability observed in the Irish Sea was surprising with respect to the results of Hutchinson et al. (2001) . It is likely that these results reflect the diversity of migratory patterns found in Scottish waters (Wright et al., 2006) . The Pan I locus revealed a stronger genetic differentiation than the microsatellite loci, as expected for a genetic marker under directional selection (Pogson & Mesa, 2004) . The observed F ST (0.304) was similar to previous studies (Jónsdóttir, Daníelsdóttir & Naedval, 2001; Karlsson & Mork, 2003; Sarvas & Fevolden, 2005) . Temporal stability at the Pan I locus was found in all replicated samples, which is comparable for other regions in the North Atlantic (Jónsdóttir et al., 2001; Sarvas & Fevolden, 2005; Pampoulie et al., 2006) . In the present study, most of the observed differentiations were due to the Icelandic and Canadian samples which exhibited a high genetic variability compared with the North-east Atlantic samples. Indeed, the Pan I locus was monomorphic in most of the samples collected in the Northeast Atlantic, except the Norwegian and Faroe samples, in which some Pan I AB genotypes were found (less than 10%). As a consequence, the genetic analyses carried out (such as the MDS) on this locus revealed the presence of two genetically distinguishable basins, the North-west Atlantic composed of the Icelandic and Canadian samples and the North-east Atlantic composed of all other samples.
GENE FLOW AND GENETIC DISCONTINUITIES
Understanding species distributions and connectivity of their populations remains a challenge and a necessity for biodiversity conservation (AlleaumeBenharira, Pen & Ronce, 2006) . Although exceptions have been documented (Luttikhuizen et al., 2003) , a common consensus is that gene flow preserves both genetic and phenotypic diversity within a species, and counteracts differentiation caused by drift or differential selection, hence preventing adaptation to local environments. Although the isolation-by-distance model could explain the genetic differentiation found at the microsatellite loci in the present study, the genetic discontinuities statistic revealed the importance of the Labrador Current, the North Atlantic Current and the Norwegian Atlantic Current, as probable barriers to contemporary gene flow.
Although genetic methods are increasingly used to assess potential connectivity among populations, estimates of gene flow based on genetic methods should be considered with caution. In Atlantic cod, for example, large populations might have been connected in the past but are now functionally isolated (as shown with tagging experiments). These contemporary isolated populations could therefore be fixed for different alleles at equilibrium, but the time it would take to reach this equilibrium after perturbation of gene flow might be greater than the age of the studied species (Neigel, 2002) . Therefore, the calculated estimates of gene flow suggesting a relatively high migration rate among North Atlantic populations of cod might not reflect the real connectivity of the present-day populations because loci that are not at mutation-drift-migration equilibrium can distort these genetic estimates (Nichols & Freeman, 2004) . Tagging experiments performed at spawning grounds in Greenland waters, Iceland waters, Faroese waters, Irish Sea, Celtic Sea, and North Sea did not show extensive migration, even at small geographical scales (Storr-Paulsen et al., 2004; Joensen et al., 2005; Pampoulie et al., 2006; Wright et al., 2006) . A 40-year long tagging study found that only five out of 10 969 recaptured Icelandic cod were caught in Faroese waters (Jónsson, 1996) . Likewise, one out of 1043 recaptured individuals marked in Faroese waters from 1952 to 1965 was found in Icelandic waters (Joensen et al., 2005) . The tagging experiments contradict genetic estimates, which suggest a large number of migrants per generation from Icelandic to Faroese waters and vice-versa. This discrepancy could be explained by two different but non-exclusive theories: the 'adopted migrant' hypothesis (McQuinn, 1997) and the presence of historical signals in the genetic data (Hewitt, 1996) . The 'adopted migrant' hypothesis proposes that local populations 'which are founded through dispersion from existing populations, are perpetuated in geographical space through the social transmission of migration and homing patterns from the adults to the recruiting juveniles in the year preceding first spawning. Local populations are therefore maintained through the behavioural isolation of adults, which exhibit repeat homing to spawning grounds (McQuinn, 1997) . Indeed, the limited dispersal of adults observed via tagging suggests fidelity to spawning grounds which can be learned by individuals with a social transmission from older spawning fish to the new recruits. Therefore, gene flow might occur during eggs and larval stages, and populations might be more differentiated in areas where oceanic features prevent the dispersal of eggs and larvae (see the results of BARRIER and AMOVA).
An alternative hypothesis would be the presence of a historical signal in the genetic data. Recently, mic-rosatellite studies have established that the genetic structure of populations can be embedded in their history (Gysels et al., 2004; Hoarau et al., 2007) . Studies carried out with other genetic markers proposed a recent origin of the cod populations and as cod populations are large (Árnason & Pálsson, 1996 ; present study), they may still not have reached migration/drift equilibrium (Pogson et al., 1995) . Therefore, if a recent population expansion signal exists in the genetic data, it could explain the low F ST values and the high number of migrants per generation estimated among North Atlantic populations of cod.
EFFECTIVE POPULATION SIZE, HISTORICAL ORIGIN, AND TIME OF DIVERGENCE
Recent discussions about the weak genetic structure of cod populations and its origin have been flourishing (Pogson et al., 1995; Árnason & Pálsson, 1996; Hardie et al., 2006) and weak gene genealogy (Carr et al., 1995; Árnason, 2004) and recent population origins (Pogson et al., 1995) have been suggested as the underlying causes. In the present study, the presence of a spatial pattern to genetic differentiation and of genetic discontinuities indicates a mechanism of contemporary gene flow that is mainly dependent upon geographical distances and oceanic currents. In addition, genetic estimates of the effective population size suggest relatively high population size in the studied areas (6 661-21 467; Table 4), approaching previous estimates found by Árnason & Pálsson (1996) . Estimates of gene flow and effective population size should nevertheless be interpreted with caution as they assume equilibrium, constant migration rate, and constant population size through recolonization events, respectively, premises that are likely to be violated in the system under study (Waples, 1991) . However, the discrepancy in the estimation of migration rate between tagging experiments and genetic estimates, provides a reason to believe that historical events such as postglacial expansion may have contributed to the genetic pattern observed. Postglacial expansion of a species frequently results in a lower genetic diversity in populations inhabiting formerly glaciated areas (Hewitt, 1996 (Hewitt, , 2000 . The clear westeast gradient (with longitude) of the microsatellite genetic diversity and the distribution of the Pan I genotypes found during this study may reflect repeated founder events apparent in previously glaciated areas. Analyses on the Pan I locus may reflect the effect of positive selection of the Pan I AA genotypes in Northern Europe after the postglacial expansion. Although a general trend could be observed at five out of eight microsatellite loci, the random permutation test of different allele sizes conducted during our study only detected a significant mutation effect to the genetic difference at the two most variable microsatellite loci (Gmo8 and Tch14) in which rare alleles were detected at the extreme range of the allelic distribution. It is unlikely that these extreme allele sizes followed a strict Stepwise Mutation Model. Instead, the signal may reflect historical mutations that accumulated over time when isolation barriers were more pronounced between the actual populations. Postglacial expansion has been suggested for cod in the Canadian Arctic (Hardie et al., 2006) as the calculated time of divergence (approximately 8 Kya) coincides with last glacial retreat. Several mtDNA analyses reported a weak gene genealogy of cod populations characterized by a typical star-like phylogeny (Carr et al., 1995; Árnason, 2004) , which suggests a recent population increase/expansion (Avise et al., 1987) . During LGM (Wisconsinian period, 15-25 Kya), the northern part of the North Atlantic Ocean, the North Sea and the Baltic Sea were covered with ice (Svendsen et al., 2004) , and the average reconstructed temperature in Irish Sea and in North Sea was around -4°C . Therefore, present-day North Atlantic Ocean, North Sea, Irish Sea, Celtic Sea, and Baltic Sea were uninhabitable for cod throughout LGM, and probably later due to low water temperatures. The comparison of the predicted F ST to the number of generations (2tNe) revealed that 3000 generations would be sufficient to reach the observed FST. This would correspond to the climate change of the Late Weichselian. Although refugia areas have been suggested in North Sea (Balson et al., 1991) and Baltic Sea (Ancylus lake, 8-9 Kya; Verspoor et al., 1999) , there was no clear evidence to support this in our data. It would be difficult to elucidate the migration route of Atlantic cod following deglaciation as the ancestral population was probably located in a region neighbouring the Rockall Plateau (around the Ireland refugia, see Jolly et al., 2006 and Hoarau et al., 2007) and/or the Irminger Sea (Cross & Payne, 1978; Hardie et al., 2006) . At present, no cod populations inhabit these areas, so they could not be included in our study. Nevertheless, the low observed genetic differentiation could not be explained by gene flow alone, and might find its origin in a step-by-step postglacial expansion of the species following the retreat of glacial coverage during the late Weichselian.
CONCLUSION
The present study yields two important findings for the Atlantic cod. First, microsatellite loci revealed a weak but significant genetic differentiation of cod in the North Atlantic. This differentiation could find its origin in large current gene flow and/or a recent origin of cod populations. The former possibility is precluded because the identified barriers to gene flow corresponded to known oceanic currents, and because of a lack of active migration of cod in the North Atlantic. The drastic reduction in cod population sizes due to fishing might hamper the detection of postglacial colonization patterns. Nevertheless, estimation of divergence times showed that historical isolation of cod populations in glacial refugia during LGM may have resulted in genetic differentiation across the North Atlantic. The Pan I locus, which probably reflects a positive selection of the allele A in Europe after recolonization of ice-free environments, corroborates these findings. Therefore, as suggested by previous studies (Pogson et al., 1995; Hardie et al., 2006) , we believe that the weak genetic differentiation of Atlantic cod detected with microsatellite loci is due to a rapid expansion of the species after the late Weichselian. Table A1 . Mean number of alleles (A), total number of alleles (NA), allelic size ranges (AS), and mean expected (He) and observed (Ho) heterozygosity across the 14 sampling areas of Atlantic cod analysed at eight microsatellite loci.
APPENDIX
Gmo2
Gmo8 Gmo19 Gmo34 Tch5 Tch11 Tch14 Tch22 Table A2 . Number of individuals scored (N), total number of alleles (NA), mean number of alleles (A), allelic richness (AR), expected heterozygosity (He), observed heterozygosity (Ho) and FIS according to Weir & Cockerham (1984) 
